The indigenous oak species (Quercus spp.) of the Upper Rhine Valley have migrated to their 2 current distribution range in the area after the transition to the Holocene interglacial. Since 3 post-glacial recolonization, they have been subjected to ecological changes and human 4 impact. By using chloroplast microsatellite markers (cpSSRs), we provide detailed 5 phylogeographic information and we address the contribution of natural and human-related 6 factors to the current pattern of chloroplast DNA (cpDNA) variation. 626 individual trees 7 from 86 oak stands including all three indigenous oak species of the region were sampled. In 8 order to verify the refugial origin, reference samples from refugial areas and DNA samples 9 from previous studies with known cpDNA haplotypes (chlorotypes) were used. Chlorotypes 10 belonging to three different maternal lineages, corresponding to the three main glacial 11 refugia, were found in the area. These were spatially structured and highly introgressed 12 among species, reflecting past hybridization which involved all three indigenous oak species. 13
INTRODUCTION 25
The Upper Rhine Valley is one of the major geographic features in the western part of 26
Central Europe. As a biogeographical region, it displays a relatively wide variety of ecological 27 conditions, hosting diverse vegetation communities, which include several types of 28 broadleaved forests (Oberdorfer, 1992) dry sites with alkalic soils (Oberdorfer, 1992; Bussotti, 2008) . 41
As many arboreal elements of the regional flora, oaks migrated to the Upper Rhine Valley 42 soon after the end of the last ice age, during the Preboreal period (first occurrence about 43 9500 to 9000 years BP), originating from refugial areas around the Mediterranean Sea 44 (Brewer et al., 2002) . Genetic evidence about the refugial origin and post-ice-age 45 recolonization routes of Central European oaks has been provided by a large number of 46 studies conducted in the last two decades, mostly based on chloroplast DNA (e.g. Petit et al., 47 measures.
The software programm PermutCpSSR 2.0 (available at 153 http://www.pierroton.inra.fr/genetics/labo/Software/PermutCpSSR/index.html) was used 154 to investigate haplotypic diversity within populations (h S ) and overall (h T ). Pairwise non-155 parametric Mann-Whitney tests were carried out (using a standard programme available 156 online at http://elegans.som.vcu.edu/~leon/stats/utest.cgi) in order to test whether h S 157 differences between (1) species, (2) groups of stands belonging to different age classes or (3) 158 groups of stands belonging to different biogeographical subregions are significant. The data 159 sets used for the tests consisted of population specific haplotypic diversities (h k ) as described 160 in (Pons and Petit, 1996) which are averaged in order to find out within population diversity 161 of a particular group of populations. Normal approximations were made when sample sizes 162 exceeded 20 populations, following the recommendations of Sokal and Rohlf (1995) . 163
Comparisons were made both within and across species. Moreover, using the programm 164 PermutCpSSR 2.0, differentiation among populations (G ST ) and equivalent coefficient of 165 differentiation (R ST ), which takes into account mutational differences among haplotypes, 166
were calculated. In order to test for phylogeographic structure, a statistical test was 167 employed following Pons and Petit (1996) in order to compare the values of G ST and R ST . 168
According to Lynch and Crease (1990) and Pons and Petit (1996) , if the different chlorotypes 169 are randomly distributed, the values of these two measures are equal. On the contrary, if 170 phylogeographic structure occurs, e.g. each chlorotype has a specific geographic 171 distribution, R ST is larger than G ST . To test for phylogeographic structure, the measured R ST 172 values were compared with the distribution of values obtained by 1000 random 173 permutations of haplotype identities among populations using the software PermutCpSSR 174 2.0. Calculations of genetic variation measures, as well as the test for phylogeographic 175 structure were carried out both at the within species level (with populations with at least 3 176 individuals of the analyzed species) and across species (without considering species identity 177 in populations). 10 and 11 were both assigned to chlorotype 12 of the present study. A one by one 234 assignment could be made for the RFLP derived chlorotype 12, which corresponded to the 235 chlorotype 13 of this study. Finally, chlorotype RFLP based chlorotype 1 of the 'Italian' 236 lineage C could be matched to chlorotype 9 of the present study (Table 2) . 237
The five aforementioned cpSSR haplotypes (6, 8, 9, 12 and 13) were among the most 238 common in the Upper Rhine Valley. In particular, chlorotype 6 was the most prevalent in the 239 region with a frequency of over 45% in each species (Table 3) . This chlorotype was also 240 highly frequent in the four Balkan populations and was absent from the four Iberian 241 populations of this study, thus providing further support of its Balkan origin. The second 242 most frequent chlorotype in the Upper Rhine was chlorotype 9 with a frequency of at least 243 30% in each species. Among the refugial populations, it was also found in the Italian 244 populations, which is in accordance with its assignment to lineage C. Chlorotype 12 was the 245 third most common in the Upper Rhine, occurring with frequencies of around 10% in Q.
10
Analysis of the phylogenetic relationships by means of a Minimum Spanning Tree (Fig. 1)  251 allowed separation of the main maternal lineages, as these had been described in Petit et al. 252 (2002a) . Chlorotypes 3, 12, 13, 15, as well as the strictly refugial 23 and 24 formed a 253 separate cluster. Given their geographic distribution, they were assigned to the lineage B, 254
with an Iberian refugial origin and a western to central European distribution (Petit et 
Haplotypic variation and interspecific introgression 264
Computation of diversity measures indicated a lower within-stand (h S ) than overall 265 haplotypic variation (h T ) for all species (Table 4) . This indicates that stands tend to be 266 relatively homogenous, but differ from each other regarding their haplotypic composition. 267
This was also reflected into the high values of differentiation measures. R ST was higher than 268 G ST suggesting phylogeographic structure, but this difference was not significant, as revealed 269 by the permutation test for phylogenetic structure. However, when species were split to 270 stands less than 70 and over 100 years old, phylogenetic structure was significant in the 271 second group for Q. petraea. Moreover, probability value of the test was relatively high (P = 272 0.935) when this was performed based on all populations and without taking species into 273 consideration (Table 4) . No significant pairwise differences of diversity were found between 274 population groups belonging to different biogeographical subregions, either within or across 275 species. By comparing all 53 Q. robur populations with all 31 of Q. petraea, we found a 276 significantly higher haplotypic variation in the former species (z = 0.2317, P = 0.010). 277
Furthermore, significant differences of h S values were observed between age classes in Q. 278 robur. In particular, the young age class (up to 70 years) measuring h S = 0.495 was 279 significantly more diverse from the stands older than 100 years in Q. robur, which showed a 280 value of h S = 0.203 (z = 3.0869, P = 0.001). Given that the differences between the agepooled these two groups into one group consisting of stands older than 100 years. 283
Differences among age classes were non-significant in Q. petraea (U = 140.0, P = 0.211). 284
A high degree of chlorotype sharing among the three species was highlighted by the Analysis 285 of Molecular Variance (AMOVA). The analysis revealed minimal (F CT was effectively equal to 286 zero) and non-significant differentiation due to partition into species groups (Table 5) 
Spatial genetic structures 308
The results of the Spatial Analysis of Molecular Variance (SAMOVA) reflected the 309 aforementioned spatial structure. The optimal number of groups varied from 3 to 5, 310 depending on the analysis configuration. Without considering species identity, application of 311 the SAMOVA algorithm resulted in four groups with very high and significant genetic 312 differentiation (F CT = 0.598, P = 0.001). By carrying out the analysis only in Q. robur, the 313 optimal number of groups was 5 (F CT = 0.510, P = 0.001), while in Q. petraea it was 3 (F CT =12 0.749, P = 0.001). In all cases, three population groups with a consistent haplotypic 315 composition and geographic distribution were revealed. First, one group with high frequency 316 of the Italian chlorotype 9 and discontinuous distribution including the northernmost and 317 the southernmost populations was identified (Group 1 in Fig. 3) . A second group 318 corresponded to the central populations where the Balkan chlorotype 6 was prevalent 319 (Group 2 in Fig. 3) . A third group included populations with chlorotype 12 in the northwest 320 (Group 3 in Fig. 3 ). When analyzing all three species without taking their taxonomic identity 321 into account an additional small group (Group 4 in Fig. 3 each one of the derived groups are given in Table 6 . 327
With respect to site conditions, a heterogeneous frequency distribution of SAMOVA groups 328 among different biogeographic subregions was observed (Table 7) 
Conclusions, recommendations for forest management 500
The high genetic diversity of the indigenous oak forests of the Upper Rhine Valley described 501 in this study highlights the necessity of their conservation. We have shown that extant 502 forests carry the imprints of migration events that took place up to 10,000 years ago. Since 503 their initial recolonization, their broad scale spatial genetic structure in terms of chloroplast 504 DNA has not changed drastically. This provides evidence that the majority of modern oak 505 forests in the Upper Rhine are autochthonous. During their long presence in the region 506 throughout the Holocene, oaks have undergone several ecological changes and have been 507 able to adapt over a large number of generations. Thus, it is crucial to conserve this genetic 508 diversity, which reflects a complex evolutionary history and suggests that extant forests are 509 well adapted to their sites. Besides conservation, results of the present study may also serve 510 forest management. By defining geographic areas with distinctive chloroplast DNA variation 511 patterns we provide a useful tool for this purpose. A comparison to the broad geographic 512 pattern should provide clues, whether a forest stand is indigenous. Finally, a cost-efficient 513 molecular method (based on cpSSRs instead on RFLPs) has been described, which can be 514 used for controlling the origin and transfer of reproductive material. By documenting the 515 genetic identity of seed producing trees, it is possible to detect if reproductive material is of 516 the same origin as declared by the vendor. 517
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TABLES
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